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PUBLIC INTEREST STATEMENT
The present energy development is the hybrid system projection in which renewable sources and storage systems provide a high percentage of energy needs, leaving the use of conventional system for emergency cases. Hence, microgrids represent a workable solution for the electricity demands in isolated or non-electrified areas. However, power quality compensation i.e voltage sag, swell, harmonics reduction in current and voltage waveform are the real problem in power flow between microgrid and loads. This paper represents the integration of solar photo voltaic, fuel cell and wind energy system based microgrid system along with power quality analysis by using unified power quality conditioner (UPQC). The said model is simulated in Matlab Simulation and results are verified by using First Fourier Transform analysis. The microgrid is basically used in non-electrified and isolated areas where electricity demand is very much essential and the power quality problem is minimized by integrating UPQC with microgrid.
Introduction
Electric power system is getting polluted due to an increase in power electronics-based converters in household appliances and industrial equipment. Significantly increase in nonlinear loads, such as power converters, switch-mode power supplies, arc furnaces, variable speed drives, computers, fax machines, and household electronic equipment installed at the distribution level plays a key role in distorting the sinusoidal waveform of supply voltages and currents. The main concern of electricity consumers is to obtain uninterruptable power supply with improved power quality (Singh, Chandra, & Al-Haddad, 2015) . Thus, to ensure quality power to all consumers even when some of the loads are themselves polluting in nature, becomes a major challenge. The power quality problems related to currents are mainly harmonics, insufficient reactive power, and unbalanced loads, and these affect the performance of other equipment, which are coupled at point of common connection (PCC). International standards have been recommended to specify the permissible limit of power quality problems and to provide guidelines for the end user, manufacturer, and utility to improve the quality of power (Ghosh & Ledwich, 2009; Singh, Al-Haddad, & Chandra, 1999 ).
Distributed energy resources (DERs) such as solar, fuel cell and wind power are gaining growing awareness due to their economic, environmental, and technologic incentives. Microgrid is a key technology for integration of DERs, energy storages (ESs), and different loads (Hatziargyriou, Asano, Iravani, & Marnay, 2007; Olivares et al., 2014) . However, microgrid is nothing but the combination of number of DERs, ESs with different power electronics converters are operated in grid connected or islanded mode (Benachaiba, Haidar, Habab, & Abdelkhalek, 2011) . In a grid connected Microgrid system the Power Quality (PQ) problem is mainly divided into two categories i.e. PQ problem in utility side and customer side. However, voltage sag, swell, interruption & flickering are mainly related to utility side where as harmonics distortion, reactive power demand and lagging power factor are mainly related to customer PQ problem (Ahmadi & Ferdowsi, 2014; Singh et al., 1999) . Among all these problem main disturbance in utility side is the voltage interruption and voltage drop where as customer side is the harmonics distortion. Now a day UPQC is the popular choice in achieving good power quality level, utilized for harmonics suppression, reactive power generation/absorption, and providing compensating currents to balance the load. However, UPQC is a device which is connected at the point of common coupling and mitigates the PQ related problems in between utility/microgrid and load (Kesler & Ozdemir, 2011) . The main function of UPQC is to control the power flow and reduce the harmonics distortion both in voltage and current waveform. The theory, modeling and application of a unified power quality conditioner have been described by Chen et al. (2000) . Basu, Das, and Dubey (2007) have made a comparative evaluation of two models of UPQC for suitable interface to enhance power quality. Montero, Cadaval, and Gonzalez (2007) have compared different control strategies for shunt active power filters in three-phase four-wire systems. Lee, Lee, and Seok (2004) described the control techniques of series active power filters compensating for source voltage unbalance and current harmonics. An efficient voltage sag detection technique for a dynamic voltage restorer has been developed by Fitzer, Barnes, and Green (2002) . The design, simulation and experimental investigations on a shunt active power filter for harmonics and reactive power compensation was described by Jain, Agarwal, and Gupta (2003) .
Applications with photovoltaic (PV) energy and wind energy have been increased significantly due to the rapid growth of power electronics techniques. Generally, PV power and wind power are complementary since sunny days are usually calm and strong winds are often occurred at cloudy days or at nighttime. Hence, the hybrid PV/wind system has higher reliability to deliver continuous power than either individual source. Traditionally, a substantial energy storage battery bank is used to deliver the reliable power and to draw the maximum power from the PV arrays or the wind turbine for either one of them has an intermittent nature. However, the purpose of fuel cell is to transform the chemical energy of fuel to electric energy. A fuel cell is environmental friendly, noise free, high efficiency as compare to other sources as and it can be interfaced with AC and DC distribution system using different power electronics devices described by Noroozian, Abedi, Gharehpetian, and Bayat (2010) . The design of 48 V fuel cell with inverter application and ultra capacitor for energy storing purposes explain by Nergaard, Ferrell, Leslie, and Lai (2002) . Bucci, Ciancetta, Fiorucci, and Vegliò (2007) has described the various types of fuel cell technology with Matlab modeling and implementation of Proton Exchange Membrane (PEM) fuel cell.
This work presents the operation of UPQC connected to both utility grid and microgrid with linear and nonlinear loads. With the developed model in Matlab/Simulink it will be evaluated the performance and control of a hybrid filtering system, in relation to compensation of current and voltage harmonic distortion in PCC of the microgrid and utility grid. The result shows that UPQC can compensate voltage sag, swell and load current and voltage harmonics both in utility grid and microgrid side. This paper is organized as follows. The proposed microgrid is introduced in Section 2. In Section 3, the design solar PV is explain. Design of wind energy system is explain in Section 4. Section 5, describe the design of fuel cell system. The control methods of UPQC are explained in Section 6. The result analysis and conclusions are drawn in Section 7.
Proposed system
The general diagram for microgrid/grid system with UPQC was shown in Figure 1 . The diagram shows here is the combination microgrid and grid connected to different load with UPQC, where the microgrid is design with solar PV/wind energy /Fuel cell and battery system which is connected to a common DC bus through a switch. From the DC bus the power is converted to AC with the help of power inverter and the UPQC is placed in between the microgrid/grid and non linear load.
The purposed system mainly consist 
Microgrid
The microgrid is nothing but the integration of number of renewable energy sources, stroge system, and different power electronics converters for control the power flow between grid and load. Here the energy sources are solar PV/Fuel cell/Wind and battery. PV/Fuel/Wind and battery power is converted to DC power by using maximum power point tracking (MPPT) and boost converter and is again converted to AC by using inverter.
Utility grid
The utility grid is the distribution side energy source. The microgrid and UPQC is connected to the utility grid through a common bus. The linear and nonlinear loads are connected to PCC through UPQC.
Power inverter/converter
The purpose of DC to DC converter is required for PV system for proper voltage level at DC bus. It consists of MPPT with boost converter which will provide proper voltage and power at the output. In order to integrate the microgrid with the utility grid a power inverter is inserted in between these two.
UPQC device
A UPQC consist of two inverter connected to a common dc-link capacitor. The series inverter is connected though a series transformer and the shunt inverter is connected in parallel with the point of common coupling. The series inverter acts as a voltage source where as the shunt one is acts as a current source. The main function of UPQC is to control the power flow and reduce the harmonics distortion both in voltage and current waveform.
Design of microgrid

Modeling of solar PV
Solar photo-voltaic system works on the principle that when a light energy falls on solar cell it converts it to electrical energy. The equivalent model of solar PV system representing single diode model is shown in Figure 2 . It consist of a photo current I ph which depends on temperature and irradiation, the series resistance represent the internal resistance due to which current I flows and the shunt resistance describe the flow of I sh which is a leakage current (Altas & Sharaf, 2007 ).
The load current, photo current and other equation are given below from Equations (1) to (5) (1) 
Maximum power point tracking (MPPT)
The solar panel efficiency is increased by the use MPP technique. The MPPT is the application of maximum power transfer theorem which says that the load will receive maximum power when the source impedance is equal to load impedance. The MPPT is a device that extracts maximum power from the solar cell and changes the duty ratio of DC/DC converter in order to match the load impedance to the source.
Perturb & observe (P&O) MPPT algorithm
There are many method of MPPT out of which Perturb & Observe (P&O) technique is mostly used by the researcher due to its simplicity and cost effective. This method works on an algorithm that first PV panel terminal voltage and current are measured and corresponding value of power is measured denoted by P (n − 1). The detail algorithm is shown in below flow chart Figure 3 which describes the algorithm for designing the MPP system using P&O by Matlab simulation (Femia, Petrone, Spagnuolo, & Vitelli, 2005) . In this algorithm, the module voltage is periodically given a perturbation and the corresponding output power P (n) is compared with the previous perturbing cycle P (n − 1). In this algorithm a slight perturbation is introduce to the system. If the power increases i.e. P (n) − P (n − 1) > 0 due to the perturbation then the perturbation is continued in the same direction and the duty cycle of the boost converter will increase or decrease depending upon PV panel voltage i.e. D + ΔD for V (n) − V (n − 1) > 0 and D − ΔD for the case V (n) − V (n − 1) < 0. After the peak power is reached the power at the MPP is zero i.e. at P (n) − P (n − 1) = 0 and next instant power decreases and hence after that the perturbation is reverses.
Where V (n) is the PV panel terminal voltage in (V), V (n − 1) is voltage due to perturbation in (V), I (n) is the PV panel current in (A), P (n) is the PV panel power in (W), P (n − 1) is the power due to perturbation in (W), D is the duty cycle of boost converter, where ΔD is the change in duty cycle.
DC/DC boost converter
A boost converter is a step up DC/DC converter which increases the solar voltage to desired output voltage as required by load. The configuration is shown in Figure 4 , which consists of a DC input voltage V in , inductor L, switch S, diode D 1 , capacitor C for filter, and load resistance R.
When the switch S is ON the boost inductor stores the energy fed from the input voltage source and during this time the load current is maintain by the charged capacitor so that the load current should be continuous. When the switch S is OFF the input voltage and the stored inductor voltage will appear across the load hence the load voltage is increased. Hence, the load voltage is depends upon weather switch S in ON or OFF and this is depends upon the duty ratio D.
If the switch operates with a duty ratio D, then the output DC voltage is given by Equation (6).
The minimum and maximum duty ratio, D min and D max for a lossless boost converter is given by the following equations:
where D max is the maximum duty ratio required to keep the converter in continuous conduction mode (CCM). where D min is the minimum duty cycle required to keep the converter in CCM.
Matlab/simulation of PV system
In general the efficiency of a PV unit is extremely low, therefore it is essential to operate the PV unit at its peak point so that the highest power can be provided to the load at any condition. A step up converter which is located next to the PV unit extracts maximum power with the help of P&O MPPT method which matching the impedance of the circuit to the impedance of the PV unit Impedance matching is possible by changing the duty ratio of the boost converter. The simulation of solar PV with P&O MPPT and Boost converter is shown in Figure 5 . The I-V and P-V characteristic of PV unit is shown in Figures 6 and 7 and the boost converter output voltage is shown in Figure 8 .
Wind energy system
The diagram shown in Figure 9 is the basic wind energy conversion system model. The wind kinetic energy first converted to rotational motion and by the use of gear box it is matches the speed of turbine and generator. The function of generator is to convert the mechanical energy of turbine to electrical energy. A rectifier is used to convert the AC voltage to DC and a battery is connected in such a way that it can charged both the way i.e. a bidirectional converter is used to charged the battery (Tafticht, Agbossou, Cheriti, & Doumbia, 2006) .
Modeling of wind turbines
The kinetic energy of wind is converted to rotational motion i.e. wind power to mechanical power conversion is done with the help of wind turbine blade in contact with wind speed. So different equation are given below for power generation from wind is from Equations (9)-(11).
where P M is the mechanical power, ρ is the air density, β is the pitch angle, R is the blade radius-speed of the wind, λ is the tip-speed ratio, given by λ = ΩR/V.
(8) where Ω is rotor speed of rotation (in rad/sec) and C P can be expressed as the function of the tipspeed ratio (λ) where C P is power coefficient of turbine and λ 1 is any constant.
Generator
The kinetic energy of the turbine is converted to mechanical energy and the turbine shaft is connected to rotor shaft of the generator. The power is transmitted from turbine to generator with the help of shaft. The generator rotor winding is known as armature which is rotates in between the magnetic stationary field and produce electrical voltage according to general generator principle.
Permanent magnet synchronous generator (PMSG)
In case of Permanent Magnet Synchronous Generator (PMSG) the magnetic field is stationary and the flux is produce by permanent magnet not by electromagnet, so a separate supply is not required for creation of magnetic field and the field flux remain constant. Another advantage of PMSG is that there is no requirement of slip ring (Jamil, Gupta, & Singh, 2012; Koutroulis & Kalaitzakis, 2006) . All other construction remains same as that of normal synchronous generator. The simulation of wind system with PMSG and rectifier is shown in Figure 10 which gives the DC output voltage as required by the microgrid. The e.m.f induced in a synchronous generator is given by Equation (12).
where, f is te frequency in (Hz), ∅ m is maximum flux in (Wb) and t is number of turns. 
PEM fuel cell model
The fuel cell system considered in this paper is consisting of a fuel cell reformer and stack which generates electricity due to electrochemical reaction of hydrogen and oxygen as shown in Figure 11 . The fuel cell is a device which produces electricity from the chemical reaction of hydrogen and oxygen. The reformer is presented by a first order equation and the corresponding transfer function is shown in Equation (13), the stack is also represented by a first order time delay equation with transfer function is shown in Equation (14).
The mathematical model for design of PEM fuel cell by different set of equation is shown below form Equations (15)- (22) and the simplified PEM model is shown in Figure 12 .
(13) ), R C is contact resistance in (ohm), C is capacitance in (Farad), ξ's is model coefficients, Ψ is empirical parameter, J max is maximum current density in (A/ cm 2 ), pressure of hydrogen P H2 in (atm), pressure of oxygen P O2 in (atm) and temperature T in (Kelvin).
Matlab simulation of fuel cell with boost converter
A simple fuel cell typically produces output voltage in the range of 0.5-0.9 V. Since this low voltage becomes insufficient for real-time applications, a stack of fuel cells are arranged in series and a step up converter is connected to so that the required voltage can be attained. The simulation diagram of Fuel cell with boost converter is shown in Figure 13 and output voltage of boost converter is shown in Figure 14. (21) 
Control strategies of the UPQC System
There are several control strategies available to find out the reference values of the voltage and the current of UPQC. The Figure 15 shows the block diagram for control strategies of UPQC system. The concept of instantaneous active power (p) and reactive power (q) and its application in shunt filter reference current generation, the synchronous reference frame theory, the fuzzy logic control (FLC) for the control of UPQC method are some of the above mentioned control strategies (Suresh, Patnaik, Suresh & Panda, 2011) . Based on the above discussion, d-q theory with hysteresis current control mode is suitable for parallel mode operation of UPQC system and d-q theory with PWM voltage control mode is suitable for interruption mode operation. The hysteresis control method is simple to implement and it has enhanced system stability, increased reliability and mitigates power quality problems.
UPQC consists of two main controllers as follows:
• Series Active Power Filter
• Shunt Active Power Filter
Series active power filter
The case of series APF Park's transformation method is used for generation of unit vector signal. The actual voltage and the reference are converted to dq0 from abc coordinates and both are compared in dq0 reference frame. After the comparison both are again converted to abc reference frame. From PLL (phase locked loop) Ø can be generated which is required for Park's transformation and inverse Park's transformation. The switching pulses required for VSI conduction are generated from the comparison of selected output voltage (V c *) with the sensed series APF output voltage (V c ) in a hysteresis voltage controller. The simulation diagram for control scheme of Series APF is shown in Figure 16 . 
Shunt active power filter
The shunt APF is usually joined in parallel to the system which indicates the harmonics content. To eliminate the harmonics, the equal amount of harmonic compensating current is injected in opposite phase w.r.t the harmonic current. The Matlab simulation of control scheme of shunt active filter is shown in Figure 17 where the transfer of source current from a-b-c to d-q frame is achieve by 3-phase PLL circuit. In nonlinear load the source current includes both oscillating as well as dc component and the shunt active filter injects equal and opposite compensating current by comparing the source and load current.
Design of shunt APF
(i) DC link capacitor: The active and reactive power flow to the system is provided by the link capacitor when it is required.
(ii) Voltage source inverter: The electronics device which converts direct current to alternating current when PWM signal is given to the gates of its IGBT or GTO etc. Here the main function of the VSI is to compensate the source current harmonics present by injecting the equal and opposite current to the system.
(iii) Hysteresis Current Controller: Hysteresis current controller shown in Figure 18 generates PWM signal by comparing the reference signal w.r.t to the actual signal the figure below shows the generation of PWM signal by comparing the two current signals. 
Result analysis
The Figure 19 represents the block diagram of Microgrid (PV/Fuel cell/wind energy) system where the DC voltage of each energy source is connected to a common bus i.e. DC Bus and then it is converted to AC by using an inverter. Microgrid/grid with -UPQC is simulated in Matlab which is shown in Figure  20 , which consist of series APF, shunt APF, Solar PV, Fuel cell, Wind energy conversion system, boost converter and inverter. Moreover, most of the control strategies in literatures only focus on grid connected system whereas in Microgrid system the design of controller is often neglected. This paper combines both Microgrid and grid connected system and verifies the power quality issue at PCC considering disturbance at both side. The different parameter for performing the simulation work is shown in Tables 1 and 2. The circuit will operate in two modes, in the 1st mode grid is connected with nonlinear loads and the power quality problem i.e. sag, swell and harmonics are verified without and with UPQC. The observations made during the study are given below.
• The simulation result shown in Figure 21 clearly shows the voltage sag from 0.1 to 0.3 sec without UPQC. When the UPQC injects voltage from 0.1 to 0.3 sec shown in Figure 22 , the load voltage is compensated and exactly equal to that of source voltage. The Figure 23 shows the load voltage after compensation.
• Harmonics compensation is an important issue for a grid and Microgrid connected system as per the literatures and IEEE standard the harmonics should be below 5% in case of load current connected to non-linear load. • The simulation result of load current without UPQC is shown in Figures 24 and 25 shows its harmonics content i.e. 16.6% by using FFT analysis due to the non-linear load. When the UPQC injects compensating current from 0.1 to 0.4 sec as shown in Figure 26 , the load current harmonics is reduce to 2.33%.
• The Figure 27 shows the FFT analysis of load current after compensation and the load current after compensation is shown in Figure 28 . In the 2nd mode microgrid is connected to the AC bus with nonlinear loads and grid is disconnected and then UPQC is operated. It is found from the load current harmonics is reducing from 16.66 to 3.48% which is desirable as per the IEEE standard. The Figure 29 
